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.4 HYPERVELOCITY PROJECTILE LAUNCHER FOR WELL PERFORATION!

L. Erik Fugclso. James N. Albrigh[.
Gerald C. Langner. and Kern L. Bums

~niveniry of Califomi&
Los Akmms National Laboraton’

Los Alamos. XNI X7545

Cumcnt oil well perforation techniques usr low- [o medium-velocity gun launchers for
completing wells in soft rock, Shaped-charge jets are normally used in harder, more
~mompekn[rock, A launcher for a hypemebcicy projectile to oc used in well petiormion
~ppllcations has been designed. This launcher will provide an alternative Iechmque IO be
used when [he convcnuomd devices do not yeld [he maximum well pcfi-oration. If is an
Aap[ation of the axml cavity in a hign exploslve (HE) annulus design. with the UXMI
uaviiy hclng flllcd with a low density foam ma[enal. Two configurations were tested:
both had tin HE annulus filled with organic foam, one had a projectile. Comptison of
[he IWO shots was made. A time sequence of Image Intensifier Camera pho~ographs and
sequential, onhogonal flash x-ray radiographs provided information on the propagat.b of
the foam fragments, the f]rst shock wave disturbance, the projectile moticm and
defamation, and the direct shock wave transmission from the main HE charge,
Pc?ioration tests of both device configurations (wiIh and without the pellet) into
steel-jacketed sandstone cylinders were mad?, Static radiographs of the cavities in the
sandstone showed similar cavities. however. the pcrftxation of the steel cap was larger in
response to the pellet. DYNA2D calculations wcm made to assist in the interpretationof
the cxpmimcnral rccmds. The preliminary results show promise that a useful perforating
Iool can he developed. Plans for an extended cxpcnmcmd progtam arc outlined.

I\l-RoDumlos

:\ Mudy hus hccn Inltu[cd U[ Los Al~mm ~,l~:on:;l Libora:om m evtilume [he ~pplicutmn
ot”hypencloci~y l~uncncrs Ior rock penetmmn trom cased oi! find gus wells. Currcm oil
well pert’mul(;n [euhnlqucs usc low- m medium- velocl[~ gun Itiunchcrs for completing
wells In sot’[rock. Shupc&chwge jc[s are norrmlly used In harder, rrmrc competent reck.
In this paper h dcvlcc m (’w~te u much higher vclocIIy projectile is proposed. “rhis
l~unuhcr will provldc tin id~crnx[ivc Icchnlque N) he ~iscdwhen [he ccmvernional dcvwe~
(10 not ycld [he m;lxlmum WCI1pcrtornxmcc. The ovcr~ll goul of [hc smdy is [o clucidwc
Ihc ctfcci\ (d’ u Ilypcmcloclty pcncw:ltor on rm.k ;Iflcr pasugc [hrough well casing. il~
~xmwastcd wl[h Ihc well-krmwn ct’t’ccts01”[hc ~ypic:ll ICI pcrtcmi[)r. or shaped-churgc
pcrt(mlmr



- DYNA2D calculations of the detonation of the HE and the subsequent compression of the
foam-filled cavity indicate ~hata high-velocity, compressed foam slug is developed. This
foam slug, which resembles but is not exactly equal to a jet in the axial cavity, may, be
used either as the penetrator itself or as the tiver for a small projectile, The mechanical
properties of the foams were specified by the initial and fully compacted densities, the
loading and unloading CUNCS in the pressure-volumemic strain space. and the shear
behavior, modeled as a von Mises elastic-pefi’ectly plastic material. Design parameters
that affect performance are details of the detonation of the annular explosive, the
composition of the foam material. the rm.io of the toarn cavit v di~meter to the HE ex[erior
diameter, tic blast shield configuration, and device standoff and exit geomern.

.A series of rests was designed to evaluate the basic design. [o refine materials selection.
and to study the performance of the launcher in penetrating rock. Two foam materials
were selected and an axial cavity geometry was specified. in this preliminary phase of the
program. two shots were fired. One organic foam and one projectile were selected: the
experiments were conducted wi[h and without tile projectile to obtain preiimirmry
information on the compressed foam plug and then on its effect on the projectile.
Radiographs were taken of the foam mass as it exl[ed the cavir~, defining its shape und
kinetic energy upon emergence. For each of these shots a wmwss plate was used to
compare deformation from !he projectile. and from [he directly transmitted axial pulse
from the compressed foiim and HE. After this information is processed. shots will be
tired imo a sandstone urpet cemented in a confining steel jacket w standoff dismnces dm[
;metypwd or the aownhole contlguranon,

A discussion of the test results is included. which provides guidelines for the nex[
iteration of device design, for refinements in mrget design. for post-test characterization,
and for maximizing damage to the rock produced through fracturing. The prelimina~
tests show sufficient potential that further development is recommended,

BACKGROUND

~ Petroleum fluids (oil and natural gas) are generated at a
“source rock” by the decay of organic matter in an anaerobic environment, Because of
their bouymwy, [hc$e hydromrbons migrme along permeable beds in a generidly upwu.rd
direction uniil they we rrapped hy overlying or blocking geological structures [such m ;I
Iow-permeahili!y ‘“cup rock”) or by pinch-oul cft’ecl$, The regmn a! [he trap is the
rcwn(m rock”’ Jnd c(mtoins tx)th wutcr ml pctmicum !luids,

“I”hcSImpICSI wtiy to provide llukl fiou IS u! drill productmn holes into Ihe rcserwir tind
Ica,)e the Immm of [he holes ~nlined. These :WC‘“open-lmlc compictions”. Oil drains Inlo
lhc well from the sides and is cwllcutcd trmn the bottom ot’ the hole,

I urrl \II ,Aihrik,ht. I.dnunrr find I{urnj



“ pcfiomtion. which is a high-pressure stream of panicles (mainly water and drilling mud
with an abrasive added), which abrades a hole in the rock (Thompson, 1963).

The gun shouid be matched to the size of the casing. ?hcrc is an annular gap between the
gun and the casing, the width of which is the “stand-off distance” between the gun and
target. A small gun with a large stand-off distance in a large pipe has reduced penetration,
because the projectile or shaped charge 10SCSenergy in peneuating the WCUfluid.

. . .
~ There are severe space limitations working inside a wellbore. The
main lirnication is the inside diameter of the well casing, typically of the order of 10 to 20
cm. A second constraint is the uansverse dimension of the perforating string.

The depths of perforation in typical reservoir rocks ranged from 7 to 30 cm for bullets and
10 to 45 cm for shaped charges (McConnell. 1957). Thompson ( 1963) examined the
effect of compressive strength upon penetration. For both bullets and shaped charges. the
dia.nwer of the perforation hole decreased as compressive strength increased. Penetration
is best with bullets in soft formations, and wilh shaped charces in medium to hard
forrtmticiis. Thompson’s results imply a similarity between the processes of jet and
hydraulic performing. Depth of penetration is controlled more by gun diameter than by
charge weight (Bell and Shore i965).

The shape, depth, and other details of perforations ca.mot be determined in the field. A
standard test prcm-dure has been designed by the American Petroleum Institute (Krueger,
1985). TIM information on

r
ticmions comes from laboratorytests made according to

that standard(e.g. Bell and here, 1956 Hdleck and Mo, 1989).

Under some test conditions, the r xk fractures extensively, while in other tests, it does
not. With properly prepared specimens, damage to the rock caused by sha cd charges

Iconsists of a “halo” of compaction and pulverization products (Knteger, 1 56), due to
plastic Yield around the perforation (Btrkhoff et al., 1948; Allen and Worzcl, 1956;
Ha.lleck and Dee, 1989). Bulle:s do not seem to crush the rock to the same extent, and
there arc reports of cracking ahead of the bullet,

The usual shitpe of bullet holes is cylindrical. wifn a diameter equal to that of the bullet.
Perforation holes due to shaped charges have the shape of a titpered cylinder or cone,
[see Fig. 2).

In pritctice. shaped-charge performions are not clei.m. fresh exposures of with rock. In
some cases iI plug obstructs the hole in the steel Iilicr. IIIother cases a camot may plug the
hole m ~herock. composed of the rrtmcrhd derived from the shaped.charge liner, or debris
fitllen bitck from the damage halo (Allen and “Worzel, !956). In other cases, the crushed
imd compitcted debris in [he damage halo. or commtctcd mud swept out d’ the drilling
tluici, mfiy term an impermeable film on [he rock wtd plug the Imtmion,

Neither bullet nor jet perfor~iion yields consistent and predicmblc results for the creation
of a !I(vmng well. I%r those WCIISthu[ need only iln opemng be[ween the dtillhole und
ihe rwk mmrix. the mechanism i~ known and rcliublc, i:or those wells wherein the
pertmution pr(wcss must open fluid Ilow chunncls. the mcchtinism is Icss wrll
underst(wd.

1’uLvhfJ, Alhrfdu. I.untintr. mui llurn,~



EXPEKIMENiAL PROBLEM

Woodhead (1947 and 1959) demonsrratcd that. in a tubular charge of high explosive with
~ir as the material that filled the axial cavit~. a veW high pressure shock wave could be
generated in the air cavity. Wocdhead and Tmmn (1965) reported a series of experiments
on cylindrical arrnuli with the axial cavity tilled with air, They showed that the mean
detonation velocity in the cylinder was slightly higher [ban in a solid piece of HE and that

J shock wave had been formed in the axial cavi[y. In a tubular piece of HE with an
~ir-filled axial cavity. the shock wave generated in the cavity had a steady velocity ibout
1.75 rimes that of the detonation wave in cheHE. Funher. the detonation wave in the HE
was enhanced by about 5% due to the symbiotic effect of the the pressure wave generated
by the air shock. The pressure in the axial cavity shock wave was significantly stronger
than the shock wave directly transmitted to the m from the plane end of the annular HE
imd had considerable force. This was demonstrated by the crater generated in a witness
plate. The craters generated from the HE with the cavity were a deep, narrow cavity.
which WM formed first from the cavity itir shock. and it broader, shallower critter trom
tie main blast. This second cmter was essentially the same as the one created by the Mast
irom a solid cylinder of IIE. Ahrens ( 1965 j made measuremems on the blast. cratering.
tind pefi”ora[ion induced by a 70-mm- lon#, 50-mm-diameter cylinder with a variety of
mial cavities. This tubular HE wm Ignited bv tile singic-poinl detonation of the solid
cyilnder-of HE with the same exterior chmenslons. The diameters of the axial r.wities
r~n:ed trom 1 mm rc 40 mm. This device cremed iI je[ or central slug of air tha[
penora[ed a 40 mm thick plate of armor steel. No pext.omtion was noticed with either
pure HE Oi with an annulus with a wry large axial cavity. The optimum perforation was
obtained with a cavity diameter of 6 mm, Crateringand spalling were noted in all cases.

Koski et al. (1952) conducted a series of experiments on cylindrical annuli of HE with
very thin metallic liners and with a vacuum within the liner. Their initiation menhanism
was the same as the one in our present device. Rather than using the effective piane-wave
generation in the annular segment of the HE as in the cases above, they created an
effective outer-rim-circle source by using first a single-point detonator that ignited a
cylinder of HE, which was attached to the HE tube. A smaller diameter brass disk,
backed by a foam disk at the base of the HE cylinder, prevented immediate propagation of
the detonation wave. The detonation wave was thus forced to communicate with the HE
tinnulus w the outside of the brass plme. They reported ]et or slug velocities emerging
from the uxiid cavity in exc:ss of 70 ktis. The jet mmemd was from the very thin liner
:md there wasn’t much of it,

Wenzel ( 19N7 ) reviewed otner explosively driven projectile Iirunchcrs with similar
cent’igur:’tmn:. In particuhr. he reponed [nut cylindncul pieces of HE with axial cuvities
Iilkd wi[h tiir h:~dbeen used iIs projectile drivers in the curly 1960s. He also reviewed an
unpublished report hy Gurzu in 19H2. wh]ch stitted that [hc projectile driven by the air
sh(~k In such u dev:ce wus extremely dcf~nned during [he l~un~h,

I:lmhcr development (d’ related dcviccs continues, Thrm cumcn[ examples are cited,
\fL.Cull ( I(JW ) descnhcd a dcvlcc f~~rhypcr,’clocity prqcc[ilcs usin~ an unnulit.r piccc of
] iLl, which WU:; Ilncd wi[h steel und parti:illv flllcd wl[h f(’ltinl, 7 hc rcmuinder o!” thr
cuvlfy he[wccn the foam imd it smull prolcmllc placed at the opposite end of the liner WM
under ii vwwum. The }IF. WiISdc[onilld :11one cid itnd [III one-dimensmnui shock wilv~
\\~il\ Induced in [hc tuam scgmcn[. V“hc!IMIN cxp:mding into the vwwurn cvcnmidly struck
lhc pr~)icc[ile tind il very genllc ilCCCICEl[l!)N ot the pro~cclilc ensued. McC;II1 ( 1984)
,Irtrrlmml IIIC genesis (d’ lhls ~xnwepl [0 Stirl]ng (~ol~ill~, “The dcmn:i!mn of itn ilnnUIUS :)!’
I Ii{ sirm)undlng ;1 r(d (d’ p(dyclhylcrw W:is moklcd ild Ics:cd Iy /\dums ct. ill. ( 1°87 ),
“1hc ~.:ilcul:ltl~m WilSdividrd Inlo t.[mlponcn[ pints: the !imnmitm [)1”lhc rltll iniliflmr. Ihc
nluln phusc during which MC detonation wnvc proptigatcs along the tili unnulus iitl(l
~lrtmgl}’ u(mlprcsscs the town rod, und ~hc subsequent intcriction of this wi~ve with an

I IIWI,fII, Allwtvh[, i.dnurwr, (Jtuiburnt .1



expansion nozzle and a gun band. Marsh. et al. (1989) reported a similar hypervelocity
Lmncher. Thev used a 76.2 mm (3 in, ) diameter by 76.2 mm (3 in. } long cylinder of
PBX 9501 to &ive a 19.1 mm (0.75 in. ) diameter, 0.8 mm ( 1/32 in.) thick pellet of 304
stainless steel to a velocity of 6.4 kds. The HE was detonated at a single point on its
rear face. The projectile was fired down a two-stage barrel, with 50.8 mm On for the
fmt 50 mm length and 25.4 mm OD for the remaining 100 mm lengtii. Their projectile
has a 1.6 mm ( 1/16 in. ) smndoff from the 9501 cylinder.

The HE kwnchers described in the previous section utilized either a very low pressure gas
in the axial cavity. in which case the shock wave in the cavity attained an extremely high
velocity: air at atmospheric conditions. in which case the shock in th, cavity was shghtly
higher than the detonation velociy or a ve~ light density organic roam. In this latter
case. very high velocities were predicted along the axis, possibly due to phase changes in
the compressed foam (Adams. et al.. 1987).

Figure 3 shows the drawing of the experimental device. The main compmlent i- the
cyhnd.rical annulus of PBX 9501 HE. The axial cavity has a diameter of 6 mm. which
was the optimum diameter in Ahrens’ work. The device is initiated at a single-point
slapper detonator. with a PETN booster located on axis at the rear of the specimen, which
detonates a 3.2-mm disk of PBX 9407. The rim mitiimon m the HE imnu!us ]s provided
tIy the mseruor )f a foam-backed brass disk between the PBX 9407 disk and the PBX
9501 annulus. “ihe axial cavity may be filled with au at atmospheric conditions or filled
with a foitm cylinder, The radial extetior of the HE is encased in a 3-mm thick brass
cylinder. At the front base of the HE is a 6.35-mm (0.25 in) thick steel blast suppression
plate, This plate has a 6-mm minimum diameter hole, which is tapered at 20° to permit
passage of the either the cavity air shock or the compressed foam SIU . A small steel

/pellet, 6-rnrn dianuter and approximately 1-to 3-mm thick, may abut the own cylinder.

The finite element code, DYNA2D, (Hallquist 1984) was used to perform prelimina~
evaluations of the development and evolution of the compressed foam slug. The potions
of the device modeled are the high explosive annulus. the foam filler that lies in the axial
cm’i[y, and the exterior cartridge case. The brass modcied in this simuhmon was u 7(VX
CIJ . 3[)% Zn a]ioy. designated CLI 260(N). and commonly known as cartridge brass. The
HE is PBX 950 I and is descnbcd by iI Jones-Wilkins-Lee [JWLJ equation of state. ‘Jhc
Igni[mn of the HE in tile device IS simukued Iw detonating th< HE over u washer-shaped
urea at one plane end of’ the unnulus. The houndiuy condition at the opposite end O! the
HE. which simulwes ~he blast suppressor plate, is approximated as if it were it rigid wall.

The consti[u~ive equutiun Ior the foam is described in the manual for DYNA2D (Hallquis[
IWMj. The team is described hy IWO tunes. the pres:;urc-volume curve in initlu!
load]ng. unluuding. and relow.lillg. and iI shear stress-shear strwn curve. A Iypic:ll
pressure-volume cuwc is shown Ir] Fig. -1, The octahedrid sheitr stress-ocxahedrtil struln
CUIVCis d Drucker-Pmgcr cunc vvi[h no work-hurtleninr and il yield stress ctependcnt IN1
the prtssurc. The measured properties td’ the ?o~msof intcrcs[ arc vc~ scartw, Limi[cd
dato on the pressure-volume cuwcs m Iowllng. unlotiding, tind relotidmg were ~}puilublc,
so upproxlmulc curves were pencrated, “l”~ylor ( 1975. summitrizcd h M~der ( I W()) ~
meusVred the t{ugonmt propcrues of foumecl polvstyrcnc. The initial densi[y WIIS(),25
gkm.’, [hc timtl tmmpwxcd dcnslty :Ipproxlmatcly 1, I gmn3 imd [he max]mum villu~ 01
the unkmhny hulk modulus t’r(ml iI peuk pressure (}f onc Mtmr wits about 10 [Imcs tiuit f)t
[hc Inlliul CIUSUCIwding hulk modulus, The pressure-vulurnc consiiwkive equ:nilm uwd
in the cidcul~tmns was upproximmed as picccwisc linear. The VIIIUC of the unloudlng
hulk nNdUIUS ~ils vilricd bctwccn he ini[ial ehlc modulus, which WiIS approximated tii

/ uk’d.tfb,Alht lLIhl.I.dnunt’r, (Jnd/)urn.\ t



100 kbar. and ten times that value. Several runs were made for each foam mmerml m
bound the behavior of [he compressed foam rod.

The qualitative behavior of all the computer simulations is described by the following
steps. The detonation is initiated at the outside rim of one end of the HE anrulus. A
detonation wave propagates fmm that poim. S*IIg he fo~ r~ ~d com~ssing it. AS
Ihe deton~:ion proceeds along the rod-HE i nteri”ace. the rod is compressed. The phase
velocity is infinite initially, then decelerates. A convergent shock wave propagates mm
the foam rod. compressing the foam to the density of the main constituent material.
Behind this first shock. a faster ramfaction wave overtakes this initial shock. The radially
convergent shock reflects [actually, interacts with itself; from [he ,symmet~ axis and
propagates outwards. again with an ovenaking rarefacuon in pursuit. A Mach stem is
eventually formed on the axis. which 1smanifested in a central slug of compressed foam
moving along the axis with an appreciable %elocily. Figure 5 shows the contours for axial

srress for p]anewave initiation in the HE unnulus at 3.0 ps after initiation. Figure 6
shows the peak axial velocity as a iunct]on of p~silion along the axis for two typical

foams. One ioam is described by an initial densny of 0.4 glcm3. an unload-reload bulk
modulus f 100 kbar. an initial compaction strength of 1 kba.r, and a compacted density of

?1.() g/cm- . The second foam is the same except for the unload-reload bulk modulus.
which is 1 \fbar.

The compwison between plane initiauon and rim initiation on the evolution of the peak
ptwie Vemcny IS shown in Fig. ?. Several different foam models were evaluated. The
qualitative shape or the evolution oi the peak foam velocity as the detonation sweeps
aiong the length of the rod remains the same: a rapid iniual growth. followed by a slower
rise to a mature state (which would approach a steady state if the rod were long enough)
and terminated by the reflectd shock from the blast plate. Depending on the initiation
model, the maturing phase may be either a slow rise to or a slow decrease from a
maximum. This latterasc prediction occurs when the unloading bulk modulus is vmy
stiff, The peak foam slug velocity that is attained at the end of dM ml approaches 5 to 6
krds for the various approximations used. This development of a small slag; which
iniually forms just khind the shock from, extends its size. and then matures into a slowly
growing quasi-projectile; bears a qualitative resemblance to the formation of the
luminescent shmk in the axial cavity in the experiments by Ahrcns (1%5) and Woodhead
and Titman ( 1965j. Estimates of the kinetic energy in the foam slug; obtained using this
velocily. he maximum compressed dens]ty of the foam, and the dimensions of the slug
[from the finite element calculatmn) which are ().5-cm thick and 0.3-cm radius: are
Jpproxlmateiy I to 2 k.1,

The high vclocIIy compressed foum slug mtiy he used to pcrforute the well casing imd
rock mamx dmctly or may he used to accelerate a small pmlectile that would be pluced m
the orifice at the end of the cawty: Because of the space constraints on the total dewce,
the acceleration ot’ the projectile IS likely to be inefficient. First, the foam slug has m
extreme radial grtidicnt and. thus, the pressure applied to the projectile is not uniform.
Second. the momentum transfer from the t’otim slug m the pro,jectilc involves the
minsmlssmn of u high intcnslty. non-un]fotm shock ~il~c. und the inwoduction []! J
nonuniform rurefactmn to the blast plutc cover and the high pressure burnt pus, The
wructurc t)! the pressure pulse on the prcqcctile will be diminished rupidly from its
thcorctlcul maximum. since the prolectlle hus the sh~pc of iI vc~ thin disk (m mlnlmlzc
[he rrnnst’erl;mc of the momentum t’mm the town SIUUto the pro~ectilc and to muxlm]zc
the prt~iccxile energy tind momentum In the shor[ Imcrvul petmttcd ], the projcctllc will
undergo kcvcrc distortmn, Feddcrson C[ uI. [ 1968 j shcwxi that a thin plate O! matcn:ll
WIII dl~t(m. $trctch, und [hln drusticully In rc~p(msc lo ii dynurnic pressure pulw ;Ind
~’tin(]ll~edge c[mstrmnls,



TEST RESULTS

Tests on two configurations are report~ in detail in this paper. The axial cavity in both
was filled with a low density foam and IXXII h~ the blast su~prcssion plate. One of these
configumtions was also fired with a small steel proj~e. The puxposcs of these shots
were to determine the propmics of the foam slug and thence to ascemin the motion of the
steel projectile that might be accelerated by the foam plug. Then perforation tesrs into a
steel-jacketed sandstone s~imn were to determine the cavity fotmafion in a typical field
configu.ratmn. For each contigt,umion a diagnostic shot with x-rays and a perforation test
were pale. The foam USCX!in these tes~ was polyurethane with an initial density of ().35
g/cmJ.

In this series of tes~. two onhogonaj fl~h x-rays were taken to determine the position of
[he foam SIUg and the projectile as they exited the blast supp ssion plate. The x-rays

Twere 150 kc V. A sequence of four Image lntcnsifier Camera (1 C) images were taken at
selected times after initiation. TIc light sourcc was an explosively driven argon candle.
Figure 8 shows the typical layout of [he exptmmencal test. llw !ocatio s of t’Je

!~pecimen, the x-ray heads, the fdm cassettes, the argon light source. and the 1 C device
are shown. Additional biast shielding 10 protect the x-ray head and the film cassetces is
not shown.

Both of the contiguauons were tired into steel-jucketed sandstone cylinders. The
sandstone cylinders were 15.24 cm (6.O in. j long, 15.24 cm (6.0 in. I in diame[er. The
steel jacket was made from 1018 nuld steel and was 0.635 cm tO.25 in. ) thick, Epoxy
was used to fdl the gaps bctwccn the sandstone spccimn and the jackc~ However, these
specimen tests do not march Up to the API (Ktueger 1985) test program criteria for
well-perforation simulation. TO met thcsc concerns, an additional fluid immersion
Systcmwiu ncedtobcdcsigtd.

A prch.minmytest was pcrfb with only w confined annulus of hi explosive and
Pthe blast suppression plate to conf~ the Wtihed and Than (1 65) and Ahrcns

(1965) test results for this size device. No pellet was used and the axial cavity was filled
with air only. The device was pIaccd in contact with eight 1/4 in. (0.635 cm) thick pkttes
of 1018 steel with the axis of the annulus normal to the interface. When the device was
detonated, a perforation cavity was formed with a depth of 15 mm (0,60 in.]. The
pefi”oration is shown m Fig. 9.

No ROKUJC
,.

The main annulus of PBX 9501 was 36.7 g., the PBX 9407 booster pellet was 2.7 g,

(and the PET’N booster was 0.8 g. The orthogonal fl~sh x-rays were taken at 32.59 MS

wtd 39.49 ps after the initiation of the detonation sequence, respectively. Figure 10
shows the later flash x-ray image. The foam that filled the cavity has broken up into a
sequence of cubically shaped small p~ic]es with a typical size of 1 mm. The maximum
veloci[y of the fragments is 5.5 km/s and the average ve]ocir~ in the field of view is about
4 km/s. which agrees with the range of p~icle vcl~itics in an HE Cylinder with an
air-filled cavi[y as reviewed by Wenzcl (1987). If the foam patmclcs hitvc been
compressed to ma.x]mum densi[y, [hc Icad particle has about 20 kJ of kinetic energy.

Figure 11 shows the first of four 12C images, taken at 20 us after initiation, The
propagatmn of t~c leading edge of [h : uir sht~k is 7,8 kmh. The expansion gas cloud,
picmmd on the I-C images, completely contains the group of discrete particles shown on
[he radiograph, The edge of the blast suppression plate has a velocity of 3.2 krrtk
which. if in[erprc!ed as twice the pamcle ~elmity in the incident sh~k. implies it retlectcd
pressure In the l{E unnulus o!’ :ibout 750 [o H(X) kbar [which is consistent with the
I “uIW.w, Alhriehf, Ldnvnw, und B~~i 7



estimmed reflected shock pressure in the rmnulus or approximately twice the detonation
pressure]. The fmt wlmess plate. 0.9S3 cm [0.375 in. ) 1018 AISI steel was 25 cm from
tie base of the blast suppression plate. Three hemispherical craters approximately 0.3-
0.6 cm (0.125 - 0.25 in.) deep were noted, which is consistent with impact by the
obscxvcd fragments.

The perforation test into the steel+apped sandstone cylinder yielded a cavity 27 mm deep
and a perforation hole in the steel about 5 mm in diameter. The blast suppression plate of
the device was positioned atop the steel-sandstone cylinder with a stand-off disance of
().47 cm (3/16 in.].

The configuration for this test was the same as for the previous test except that a small
stainless steel (SS304) cylindrical disk. 6 mm diameter and 2 mm thick was glued on the

end of the foam cylinder. Figure 12 shows a typical flash radiograph at 40.87 us after
initiation. The steel projectile is emerging from the blast plate orifice. Results for the
motion of [he gas cloud. small foam fragments. and blast suppression plate were obtained
in this shot and were almost iden[lcal to those of the previous configuration. The gas
:Ioud and the foam tktgmcnts appeared 10 be a part of the blow-by that preceded the
pellet. The pellet had a normal velocity of 1.5 kw”s as it passed the blast suppression
piate. .+ small number or signiticam craters were obsezved in the witness plate. NO
specific crater could be identified as being generated by the projectile. Asssuming that a
constant pressure was acting on the pellet during the time it was exiting the suppression
plate, that pressure is mimatcd at approximately 14.5 kbar. This compares with r?e Sian
pressure of 16 kbara implied in the Marsh et al. (1989) experiment.

The perforation test into the s~l+appcd sandstone cylinder yielded a cavity 25 mm deep
and a perforationhole in the steel about 8 mm in diamter.

The main disturbance from both test configurations is the gas blowby. Embedded in this
mpidlv expanding cloud arc many high-velocity foam fragments. The distribution and
velocities of these feaures arc es~ntially the same for both devices. Motion of the blast
oppression plate indicates that the detonation was the same in both contlgurittions and
was that expected. The pellet, present in oniy onr tes[ configuration. had a fairly low
veloaty. This is 10 be expcctd since the pCllCC had onlv a short run under pressure
which, however. matched the internal pressure of a much h[gher velocity gun. Figure 13
shows the static post-shot radiographs of the cavities in the steel-capped sandstone
cylinders. Figure 14 shows the perforation holes in the 1018 steel cap for the two
configurations. The perforation width with the pellet is wider, but the depth of the cmter
is abouf 2 mm less. These specimens will be sectioned. The number and extent of the
newly formed mlcrocracks will lx measured and repotmd elsewhere.

CONCLUSIONS AND FUTURE PLANS

The uesign and prelimin~ testing of a hypervelocity launcher for [he oil well petioration
process have been completed, The device, which must meet severe size and explosive
char~c resuictions, is i~.tladaptation and amalgamation of three old configurations. [he
concepts t’or which dittc back aCleast forty years. Thc basic device is a ramped cylinder of
I {E wl[h a small diameter axial cavity. The caviry is filled with a low density foam. either
orgimic or metallic. The HE annu]us i~ detonutcd at the outside rim by means of a wave
\haper. The mn~erial in the axial cavity is rapidly accelerated by the action of [he
~wnvergent detonation and shock waves. ,A highly compressed (and possibly ionized)



slug of foam is pro@led down the axial cavity. A mixture of burnt detonation gases and
the foam is ejected from the HE. A blast suppression plate at the end of the HE has a
small orifice to prrnit passage of the compressed material iri the axial caviry while
reflecting and retarding the pressures in the main detonation wave.

Tests on two conflgwations were mpcnted here. The fmt test configuration has only a
foam-filled axial cavity, while the latter adds a small steel projectile whiuh is initially at the
end of the axial cavity. In the first test the foam cylinder was accelerated to fairly high
velocities and broke up very quickly into small fiagmc.nts. Tle fiagrncrtt velocities rangul
from almut 2 to 5.5 km/s and several of the fragm nts were approximately 1 mm .

5
3 The

leading edge of the disturbance as shown by the I C images had a velocity of about 7.8
k.rrds. The blast that propagated through the blast suppressor plate arrived si~lcantly
latm than the other two phenomena The pellet was accelerated to the fairly low velocity
of 1.5 tis in the very shcm launch distance. The effective pressure acing on the pellet
was about the same as that generated by Marsh et al. (1989). The burnt gases and the
foam fragmmts blew by the projectile and have about the same vchxities and energies of
the test without the pellet. The motion of the blast suppressor plate was the same in both
tests.lle fcum plug ad Pro@tile rcdemtion for one foam and one HE cm.f@rarion are
thUS detem.ined-

Perforation and penetration tests of the two device configumtions into a steel-jacketed
sandstone cylinder were carried out. The penetration depth into the sandstone was
similar, with the penetration from the device with no pellet king slightly deeper.
Perforation of the steel cap was greater with the steel pellet. We hus conclude that the
major contributions to the force acring upon the sample come from the expanding burnt
gases and the fragmented foam cylinder. The conrnbution frcm the pellet is limited.

W~m’*y MmsdMtimti ti~~Mati@Wrn~~~cd
●mCaIllof dbigbvclrnty cUnqPrCsscdfoampaxickca nbegcamladlna @
CzKdznedvdUIIW. EMcf ccHlfl~cm pdmtes the steel * UKxlelitlg the casing and
g=-fes a si-t cavity m tbe aa.ndstcmecylinder. #h.U design dlu.s Ukl.s aruxher
tool for cbwnhok @xa.tim To continue exploration into tic utility of this device in its
intend-d application, a more cxc.cnsive series of experiments has been planned in the
ccmtkttd.ng pbac of tb.is Amccm&denscr, qankfounwillbcwrbd
will two derlsiticaof Again, selected couIbma.dcmsof foam alone and f:
with a small

Since the main purpose of this program is the development of a high velocity gun for oil
well perforation, several experiments wherein either a high velocity foam plug or the
pellet will be driven into steel-jacketed sandstone cylinders have been carried out to
determine the perforation parameters, Perforation creates consistent and predictable
results for accessing the fluid in the twk formation in a complctal well, For those WCIIS
that need only an opening between the drillhole and the rock marnx, the mechanism is
known and reliable. For tiosc wells wherein the perforaaon process must open fluid
flow channels, the mechanism is lCSSwell understood. Techniques to detm-m.inc the
number, extent, md quality (inter- or intra-granukr) of the fmctures induced (created or
extended) by k impact and the changes in porosity, arc under current development and
will be reportw elsewhere.
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